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Abstract 
 
 
Sodium Alginate and Gelatin blends showed strong response towards the external stimuli of pH and 
ionic strengths. Molecular dynamics simulations were used to study the hydrogen bonding 
interactions in these blends when subjected to different pH and different ionic strength medium. The 
effect of plasticizers viz. glycerol and polyethylene glycols of different molecular weights on the 
blend were also studied. In addition, the effect of external stimuli and plasticizers upon the individual 
constituents of the blend viz. Sodium Alginate and Gelatin were also studied in order to understand 
their combined effect in the properties shown by the Sodium Alginate and Gelatin blend. 
Polyelectrolytic properties of sodium alginate and polyampholytic properties of gelatin were explored 
both in presence and absence of salt. Finally, the simulation results for gelatin in salt medium were 
verified using theoretical expressions and experimental analysis of the same system. 
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Nomenclature 
 
DDS : Drug Delivery Systems 
DNA : Deoxyribo Nucleic Acid 
RNA : Ribo Nucleic Acid 
PEG : Polyethylene Glycol 
GROMACS :  GROningen MAchine for Chemical Simulations 
VMD : Visual Molecular Dynamics 
SAXS: Small Angle X-ray Scattering 
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Chapter 1 
 
Introduction 
 
 
In the recent years, there has been a vast number of advances in the field of controlled drug delivery.  
Drug delivery refers to the administration of a therapeutic substance through a common route of 
administration in order to achieve therapeutic effect in humans or animals. Nowadays, many 
sophisticated and potent drugs are developed at a rapid pace. These drugs are characterized by their 
ability to liberate their bioactive ingredients at the right time, site and in safe concentration i.e., 
control toxicity [1].   
 
The medical drugs can be administered into the human body through various anatomical routes. Oral 
route, parenteral route, transdermal route and inhalation route are some of the common routes for drug 
administration. The selection of the route mainly depends on three factors, which are; the desired 
effect, the type of the disease and the type of the product. Medical drug will be administered either 
directly to the organ which suffer from disease or given systematically and targeted to the infected 
organ [1]. 
 
Many medications such as peptide and protein, antibody, vaccine and gene based drugs, in general 
may not be directly administered using these conventional routes because they might be susceptible to 
enzymatic degradation or cannot be absorbed into the systemic circulation efficiently due to molecular 
size and thus may prove to be therapeutically effective. In addition, these conventional dosage forms 
provide drug release immediately and it causes fluctuation of drug level in blood depending upon 
dosage form. Therefore, in order to maintain the drug concentration within therapeutically effective 
range we need a controlled drug delivery system.  
 
Controlled drug delivery is a system for delivery of drug other than conventional drug delivery 
system. It is a combination of advance technique and new dosage forms which are far better than 
conventional dosage forms. Controlled drug delivery refers to the approaches, formulations, 
technologies, and systems for transporting a pharmaceutical compound in the body as needed to safely 
achieve its desired therapeutic effects. It may involve scientific site targeting within the body, or it 
might involve facilitating systemic pharmacokinetics. In any case, it is typically concerned with both 
quantity and duration of drug release. In controlled drug release, the prolonged action of the drug 
upon the target is achieved by continuous release of the active drug over time. One of the important 
points in the controlled drug delivery is the improvement in drug delivery and safety.  
 
Controlled drug delivery has various advantages over the conventional drug delivery systems like; 
optimum dose at the right time and right location, efficient use of expensive drugs and excipients, 
decreased dosing frequency, reduced rate of rise of drug concentration in blood, sustained and 
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consistent blood level within the therapeutic window, enhanced bioavailability, achieving a targeted 
drug release, reduced side effects and improved patient compliance. The drug is delivered in such a 
way that drug is only active in the target area of the body in which drug is released, over a period of 
time, in a controlled manner. 
 
Delivery of drugs to their site of action is one of the major problem faced by the pharmaceutical 
industries.This is why, target therapy has achieved a lot of attention in recent years. In the target 
therapy, the active moieties of the drug are released only in the target area over the prolonged period. 
Therefore, the formulation also plays an important role in continuous release of the drug over time 
upon the target. The target therapy needs to be designed in a way so that the drug reaches the intended 
site of action without being in contact with the host’s defence mechanism. [1] 
 
There are various factors that affect the controlled drug delivery like; physicochemical properties of 
the drug, route of administration, kind of therapy involved (acute/chronic), target sites and the disease 
state/level. Controlled drug delivery is often accomplished by a drug's chemical formulation, but it 
may also involve medical devices or drug-device combination products. Controlled drug delivery is a 
concept heavily integrated with dosage form and route of administration. Controlled drug delivery 
improves drug potency, control drug release to give a sustained therapeutic effect, provide greater 
safety and it is used to target a drug specifically to a desired tissue. 
 
Biodegradable polymers have been extensively used as the drug delivery vehicles that can be used in 
oral drug delivery as well as wound dressings. The release of drugs from modern polymeric drug 
delivery vehicles to targeted sites has been widely reported in the literature. The polymeric dressings 
employed for controlled drug delivery to wounds include hydrogels like poly(lactide‐ co‐
glycolide)[2], poly(vinyl pyrrolidone) [3],  poly(vinyl alcohol) [4],  poly(hydroxyalkylmethacrylates) 
[5-8], polyurethane‐ foam [9-13], hydrocolloids [14] and alginates [15-18].  
 
Other polymeric dressings reported for drug delivery to wounds comprise novel formulations 
prepared from polymeric biomaterials such as hyaluronic acid, [19,20], collagen [21,22] and chitosan 
[23-26]. Synthetic polymers employed as swellable dressings for controlled drug delivery include 
silicone gel sheets [27] and lactic acid [28]. Some of these novel polymeric dressings for drug 
delivery are available as patents [29-32]. Composite dressings comprising both synthetic and naturally 
occurring polymers have also been reported for controlled drug delivery to wound sites [33,34]. 
 
In the recent studies blending has been used to improve the individual properties of the biodegradable 
polymers to be used in the form of the drug delivery vehicles. Some of the polymeric blends reported 
as the drug delivery vehicles are polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP) [35], 
(PVA) and poly(acrylic acid) (PAA) blended, in different ratios, with biological polymers, collagen 
(C) and hyaluronic acid (HA) [36] , polycaprolactone (PCL) and polyurethane (PU) [37], 
Alginate/Polyoxyethylene and Alginate/Gelatin Hydrogels [38] and Alginate/Gelatin blends [39]. 
 
The present study aims at the analysis of the hydrogels formed by the blending of natural 
biodegradable polymers which can be used as the drug delivery vehicles. Hydrogels are three 
dimensional polymeric systems which can hold a large amount of water. This property has made them 
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to be used extensively as a drug delivery vehicle for controlled and targeted drug delivery. Hydrogels 
have highly porous structure which can be tuned by varying the crosslinking density. The porous 
structure permits efficient loading of drugs and the controlled drug release which depends on the 
diffusion coefficient of the molecules through the gel network.  
 
Hydrogels can be easily deformed and conform to the shape of the surface to which they are applied. 
Biocompatibility of hydrogels is a result of their water holding capacity and they are physiological 
similar to the extracellular matrix. Hydrogels can be made from almost any water soluble polymer. 
Hydrogels have a potential to offer advantages such as protection from drug hydrolysis, enzymatic 
and chemical degradation, reduction in toxicity level, controlled release rate and improved 
bioavailability. They are generally prepared from hydrophilic polymer matrices that can be cross-
linked by various methods. One of them is the physical crosslinking (hydrogen-bonding, hydrophobic 
interactions, etc.) which has been used for the preparation of hydrogels. Another method involves 
chemical crosslinking in the presence of various cross-linkers. Cross-linkers improve their swelling 
and mechanical properties [40].  
 
Some of the hydrogel features should be brought under an optimal window before they can be used as 
a drug delivery vehicle. The properties which are required to be brought in are biodegradability, drug 
loading efficiency, controlled release rates [41]. Hydrogel can be used for extended period of times 
without many side effects. Despite of all the advantages hydrogels have some drawbacks too. Due to 
their low tensile strength there is a chance of hydrogels getting degraded before they reach the 
targeted site or flow away from the targeted site. Loading of hydrophobic drugs still remains a 
problem. A rapid release rate, due to their high water content and large pore sizes also need to be 
controlled. 
 
The present study deals with the Sodium Alginate and Gelatin blend which is used as the drug 
delivery vehicle. This particular hydrogel has been reported vastly in the literature [39], [42-44]. As 
the components of this particular hydrogel viz. gelatin and sodium alginate are polyampholytes and 
polyelectrolytes respectively, their blend in different proportions of the individual constituents can 
provide a wide range of stimuli response towards pH and ionic strength.  
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Chapter 2 
 
Literature Review 
 
 
2.1       Sodium Alginate and Gelatin blend and properties of its constituents 
 
The Sodium Alginate and Gelatin blends are studied in the present study as the drug delivery vehicles. 
Sodium Alginate is stable at low pH values and thus serves as an option to be used for drug delivery 
purposes with gelatin, which generally degrades in extreme acidic and basis environments.  
 
Sodium alginate is a water soluble salt of alginic acid. It occours naturally in all species of brown 
algae. It finds wide range of applications in pharmaceutical and food industries. Sodium alginate 
consists of blocks of mannuronic acid and guluronic acid. Mannuronic acid is responsible for the 
flexibility of the sodium alginate polymer chains while guluronic acid is responsible for the stiffness 
of the sodium alginate chains. Through these guluronic acid groups, sodium alginate forms cross links 
with multivalent cations such as calcium ions in form of egg box junctions [39]. Permeability of 
different solutes will decrease with increase in degree of crosslinking in sodium alginates. This 
property of sodium alginate is used for controlled drug delivery. 
 
Gelatin is a natural polymer. It is obtained by hydrolysis of collagen, which is found in bones, skin 
and tissues. Gelatin is widely used in adhesive, wound dressing absorbent pads and biopharmaceutical 
materials for controlled drug release because of its excellent biocompatibility and biodegradability.  
Gelatin is highly brittle in nature and thus needs to be modified by processes like blending, grafting 
and crosslinking to be used in drug delivery systems [39]. 
 
 
The monomer of the gelatin is shown in Fig. 2.1 [45]. The Gelatin consists of carbolxyl groups and 
the amide groups, which render it a polyampholytic property. On the other hand, sodium alginate 
consists of carboxyl groups alone and this renders a polyelectrolytic property to the sodium alginate 
polymer chains. The monomer of the sodium alginate is shown in Fig. 2.2  [46]. 
 
As the components of the Sodium Alginate and Gelatin blend consist of the charged groups, the 
overall blend will respond to the external stimuli of pH and ionic strength. Moreover, if the 
constituents, viz. gelatin and sodium alginate are separately considered, they will respond differently 
to the external stimuli of pH and ionic strength in a different manner. 
 
The combination of these two constituents in the sodium alginate and gelatin blend in different 
proportions may lead to wide range of the applications. The final blend formed by combining the 
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constituents in different proportions will yield different response towards the external stimuli mainly 
because of the net charge obtained by combination of gelatin and sodium alginate.  
 
 
Figure 2. 1: Structure of Gelatin monomer 
 
 
 
Figure 2. 2: Structure of Sodium Alginate monomer 
 
But, the gelatin and sodium alginate can’t be blended in any ratio because of the other factors 
involved. As sodium alginate is highly viscous in nature, a high proportion of sodium alginate in the 
blend will lead to difficulty in mixing and drug encapsulation.  Whereas, a higher proportion of 
gelatin in the blend will lead to faster degradation of the hydrogel in the aqueous medium. Thus, an 
optimal 60:40 ratio of sodium alginate and gelatin is used in order to prepare the hydrogels for drug 
delivery purposes [47]. 
 
In order to understand the combined effect of the sodium alginate and gelatin upon the properties of 
the sodium alginate-gelatin hydrogel, the individual components are also studied in detail. Simulation 
studies have proved to be of great advantage to understand the properties of polyelectrolytes and 
polyampholytes. There is a lot of literature available on the study of polyelectrolytes in different 
environments.  
 
 
Sodium alginate being a polyelectrolyte, will behave differently from gelatin, which is a 
polyampholyte. The study of the polyelectrolytes has attracted a lot of attention in the previous years. 
Recently reported studies include study of polyelectrolytes such as polyacrylic acid (PAA) and 
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poly(N,N dimethylaminoethyl methacrylate) (PDMAEMA) [48], sodium alginate [49], DNA, RNA, 
and other polyacids and polybases [50-55]. In addition, there have been many simulation studies upon 
the nature of polyelectrolytes in different media [50-55].  
 
 
Charged groups of the polyelectrolytes are ionised in the aqueous solution and thus free the counter 
ions in the solution. Polyelectrolytes have a wide range of applications in fields of colloids, biophysics 
and material science. Polyelectrolytes are also used as biomedical implants, suspending agents for 
pharmaceutical delivery systems, adsorbents, coatings and colloidal stabilizing agents [56].  
 
 
The chain size of the polyelectrolytes show a strong dependence upon the degree of polymerization. 
As compared to the neutral polymers, they show a crossover to the semi dilute regime at much lower 
polymer concentrations [57]. In salt free medium, the like charges on the polyelectrolyte chain repels 
each other and lead to an expansion of the chain mostly rendering it a linear conformation [58]. 
 
 
The shape of the polymer backbone for polyelectrolytes is highly sensitive to the solvent quality. 
Backbone of the polyelectrolytes form a necklace like structure connected by the string of monomers, 
in case of the poor solvent. These necklaces like structures can also be formed in hydrophobically 
modified polyelectrolytes in which a hydrophobic side chains are attached to the polyelectrolyte 
backbone [59-64]. 
 
 
As the salt is added, the electrostatic interactions between the ionised groups of the polyelectrolyte 
chains gets screened off. At very high salt concentrations, almost all the electrostatic interactions are 
screened off and the polyelectrolyte chain starts behaving like a neutral polymer [65]. There is lots of 
experimental research going on in the field of polyelectrolytes with or without salt but the 
computational studies are still lagging behind. 
 
 
Polyampholytes contain both the positive and negative charges. Based upon the external environment, 
the polyampholytes will show different properties due to balance or imbalance in the net charge. 
Experimentally, the polyampholytes are studied widely in terms of effect of temperature, pH and 
solvent type [66-69]. But the interactions involved in such systems are still not completely 
understood.  
 
 
Some analytical expressions are available in terms of the excluded volume parameters based upon the 
Bjerrum length and Debye screening length for polyampholytes in salt solutions [70]. These 
expressions though analytic in nature, prove to be a useful tool to verify the simulation and 
experimental results. In the present study, we have investigated into the polyampholytic properties of 
gelatin using molecular simulations. 
 
 
 
2.2       Role of plasticizers  
 
The constituents of sodium alginate – gelatin blend viz. gelatin and sodium alginate have different 
physical properties. Gelatin is highly brittle in nature and sodium alginate is highly viscous in nature. 
These properties may prove detrimental to their drug carrying properties. Hence, in order to increase 
the flexibility of the blend, plasticizers are used.  
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Plasticizers like glycerol [71], xylitol [72], sorbitol [73], sucrose [74], mannitol [75], urea [76], amino 
acids [77] and polyethylene glycols (PEGs) [78] have been widely used in different applications. 
Plasticizers introduce themselves between the polymer chains of the system and thus render the 
flexibility to the polymer system. Plasticizers thus effect the mechanical properties (tensile strength 
and elongation at break), water vapour permeability, light transmission, transparency of the polymer 
systems. Difference in size, structure and composition of the plasticizers effect their plasticization 
properties directly. Small size plasticizers like glycerol, sorbitol, mannitol and ethylene glycol render 
enhanced plasticizing effects as compared to large plasticizers like polyethylene glycols, sucrose and 
amino acids. 
 
 
In the present study, we investigate the use of glycerol and poly ethylene glycols of molecular weights 
200, 500, 1000, 2000, 4000 and 6000 as the plasticizers. Structure of glycerol molecule is shown in 
Fig. 2.3 [46] and structure of PEG400 is shown in Fig. 2.4 [46]. Glycerol, owing to its small size, 
easily positions itself between the polymer chains, thus breaking the interactions between polymers 
and rendering the mobility to the polymer system. Glycerol molecule have three hydroxyl groups and 
therefore glycerol is soluble in water in all proportions. The excessive hydrophilic property of 
glycerol results in an unstable plasticizing effect especially in moisture environment [79]. Glycerol is 
nontoxic in nature and thus it can be used safely as a plasticizing agent in food industries as 
sweetener, solvent and humectant. Glycerol can also be used in food preservation [80] and as a filler 
in the commercial production of low fat food in the food industries.  
 
 
Figure 2. 3: Structure of glycerol molecule 
 
 
As compared to the glycerol, polyethylene glycols have larger size. The number of hydrophilic groups 
as a function of chain length decreases with the increase in molecular weight of the polyethylene 
glycols. Depending upon the molecular weights, PEGs may vary from liquids to low melting solids. 
In spite of their different molecular weights and thus the different viscosities, the PEGs have identical 
chemical properties. PEGs can be used to generate high osmotic pressures owing to their flexibility 
and high water solubility. PEGs have low toxicity and high hydrophilicity and are therefore used in 
various applications [81]. 
 
 
 
 
 
 
 
 
 
 
Figure 2. 4: Structure of PEG400 
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Chapter 3 
 
Simulation Details 
  
 
3.1 Overview of the present work 
 
The aim of the present work is to study the various types of interactions involved in the Sodium 
Alginate and Gelatin blend. As most of the studies are based upon the evaluation of the properties of 
this blend in different environments, less attention is given to study the forces responsible for these 
properties. In order to determine various types of interactions involved, molecular dynamics 
simulations are used here.   
 
In the present study, Sodium Alginate and Gelatin blends of 60:40 ratio of Sodium Alginate and 
Gelatin components is studied for four different cases. The size, shape, and structure of the blend is 
determined for all the cases. The parameters of size, shape and structure give a complete idea about 
the static properties of the system. The studies are carried out for complete polymer system in case of 
Sodium Alginate and Gelatin blend. To estimate the size of the blend, radius of gyration of the matrix 
(Sodium Alginate and Gelatin blend is calculated) is calculated. In order to study the interactions 
between different pairs of the constituents of the system, average number of hydrogen bonds are 
calculated for every pair of constituents involved in the system. 
 
In the first case the effect of pH on the matrix is evaluated at pH=1, pH=3, pH=5, pH=7, pH=9 and 
pH=11. Radius of gyration in calculated to estimate the size of the matrix and average number of 
hydrogen bonds formed between different pairs are calculated to study the hydrogen bonding 
interactions in the matrix 
 
In the second case, the effect of the ionic strength of medium upon the Sodium Alginate and Gelatin 
blend is studied at pH=7. Sodium chloride (NaCl) is used as the salt and the salt concentration is 
varied from 0M to 1.0M. For the estimation of the size of the matrix, radius of gyration is calculated 
at every salt concentration. Average number of hydrogen bonds are calculated at different salt 
concentrations to study the hydrogen bonding interactions between different pairs of the system. 
 
In the third case, effect of glycerol content on the Sodium Alginate and Gelatin blend is studied. 
Glycerol content is varied from 0mL to 4mL glycerol. Glycerol molecules will act as the plasticizers 
for the matrix. Thus the plasticization effect is captured using radius of gyration values of the matrix. 
The hydrogen bonding interactions involved during the plasticizing effect are studied by calculating 
average number of hydrogen bonds between different pairs of the constituents of the system. 
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In the fourth case, effect of the molecular weight of polyethylene glycol (PEG) on the Sodium 
Alginate and Gelatin blend is studied. PEGs of molecular weights 200, 500, 1000, 2000, 4000 and 
6000 are used in the present study. The plasticization effects of PEGs of various molecular weights 
are studied by evaluating radius of gyration values for the matrix and average number of hydrogen 
bonds formed between different pairs of the constituents of the system.    
 
Since the constituents of the Sodium Alginate and Gelatin blend, viz. Sodium Alginate and Gelatin 
are polyelectrolyte and polyampholyte respectively, their response towards the cases discussed above 
will be very different from each other. In addition, as we are blending a polyelectrolyte and a 
polyampholyte in the present study, it is useful to study their individual properties as well, in order to 
get a better understanding of their combined effect after blending. 
 
The four cases mentioned above are studied separately for sodium alginate and gelatin. In case of 
these single components, single chain statistics are also analyzed. The single chain statistics possess a 
very strong theoretical background and therefore the single chain analysis will be useful in getting 
details about polyelectrolytic nature of sodium alginate and polyampholytic nature of gelatin. 
 
The single chain statistics employed here are used to study the static properties of the single polymer 
chains. In order to evaluate the size of the single polymer chain, single chain radius of gyration and 
end-to-end distance of the polymer are calculated. In order to evaluate the shape of the single polymer 
chain, ration of the average square end-to-end distance and radius of gyration, <Re2/< Rg2> and 
persistence length are calculated. Flory’s exponent is finally calculated to get an idea about the 
structure of the polymer chain. 
 
 
3.2 Tools used for simulations 
 
In order to carry out the atomistic molecular dynamics simulations, GROMACS software is used [81-
90]. It is a freely available tool for atomistic simulations. In the present study, we have used version 
5.1 of GROMACS. In order to draw the structure of the molecules involved in present study, 
Avogadro software is used [91]. This is also a freely available tool. We have used version 1.90.0 of 
Avogadro in the present study. For visualization of the system, we have used VMD software, which is 
again a freely available tool [92]. Version 1.9.3 of VMD is used in our studies. 
 
 
3.3 Simulation methodology 
 
The Sodium Alginate used in experimental studies have the molecular weight between 100000 and 
120000. And Gelatin used in the experimental studies have the molecular weight between 43000 and 
45000. In order to mimic the experimental system we have used 5 gelatin chains of molecular weight 
~8000 and 4 sodium alginate chains of molecular weight ~27000 in our simulation studies. 
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At first, we obtain the structures of the molecules involved in the system by drawing them in the 
Avogadro software. Structures of monomers of gelatin and sodium alginate obtained from Avogadro 
software are shown in Fig. 3.1 and Fig. 3.2 respectively. 
 
 
Figure 3. 1: Structure of Gelatin drawn in Avogadro 
 
 
Figure 3. 2: Structure of Sodium Alginate drawn in Avogadro 
 
 
For atomistic simulations in GROMACS, OPLS-AA force field was employed. 1:1 ratio of carboxyl 
groups and amide groups were maintained in the structure of gelatin . For the simulations in the 
different pH, the (H+ or OH-) ions were added to the chains as per the required pH using Avogadro. 
All the simulations were carried out in an explicit solvent. 
 
Temperature for each of the sytem is maintained at 310 K. NVT equilibration is used for total time of 
5ns with the time step of 2 fs. Lincs algorithm was used to constraint the bonds. V-scale thermostat 
was used in equilibrating the system and outputs were saved every 5 ps. Cut-offs of 1.0 nm were used 
for both van der Wall and Columbic interactions [81-90]. Finally, the MD run of 10 ns with time step 
of 1 fs was given to all the systems. The outputs of the MD run were saved after every 5 ps. All the 
results were averaged over 2000 configurations in order to avoid any temporal correlation. 
 
In order to mimic the dry state of the hydrogels employed in the experimental studies, vacuum 
simulations were employed in order to obtain a dry state of the system. This dry state was then 
simulated in the presence of the explicit solvent molecules in order to study the swelling studies. 
24 
 
Chapter 4 
 
Results and Discussions  
 
 
In this chapter, the results obtained from the MD simulations are presented. In the later part, 
experimental and analytical validation for some of the simulation results are presented. 
 
4.1    Sodium Alginate and Gelatin Blend 
In this section, the effect of the plasticizers viz. glycerol and PEGs (molecular weights 200, 500, 
1000, 2000, 4000, 6000) on the 60:40 sodium alginate and gelatin blend is presented. The response of 
the sodium alginate and gelatin blend towards the external pH and salt concentration is also presented. 
 
4.1.1   Sodium Alginate and Gelatin Blend in different pH 
We begin presenting our results by reporting the total radius of gyration of the matrix (sodium 
alginate and gelatin). In Fig. 4.1 it can be seen that the Rg values show a minimum at pH=5. This 
result can be attributed to the fact that, as the number of the carboxyl groups and amide groups present 
in the matrix approach a same value, there is a net attraction in the matrix system and the system tends 
to collapse. Thus, it can be said that, the isoelectric point of the 60/40 sodium alginate and gelatin 
blend (matrix) is around pH=5.  
 
Figure 4. 1: Total Radius of Gyration of matrix in Matrix – Water system in different pH 
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Fig.4.2  shows a visual image of the matrix system at pH=1, pH=5 and pH=11 obtained from the 
simulations. These images, show the collapsed structure at pH=5 (isoelectric point of the matrix) and 
the open structures at pH=1 and pH=11. This is again in accordance to the total radius of gyration of 
the matrix. 
 
 
 
 
  
 
 
 
 
 
   
 
Fig. 4.3 represents the average number of the hydrogen bonds formed between different pairs of the 
system.  
 
 
Figure 4. 3: Average number of hydrogen bonds between different pairs of the matrix - water system 
pH = 1 
pH = 5 
pH = 11 
Figure 4. 2: Visual image of matrix in Matrix – Water system in different pH. Yellow colour shows Sodium Alginate and 
Green colour shows Gelatin 
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It can be seen from Fig. 4.3  that, at pH=5, which is also the isoelectric point of the system, the 
average number of the hydrogen bonds formed between matrix-matrix pair is the highest and that 
between the matrix-water pair is the lowest. As the system is disturbed from its isoelectric point, the 
average number of hydrogen bonds between matrix-matrix pair decreases and between matrix-water 
pair increases. Thus, it can be understood that, the collapsed state of the system leads to the increased 
interaction between the matrix-matrix pair and the decreased interaction between the matrix-water 
pair.   
 
The matrix system consists of the gelatin and sodium alginate. Fig. 4.4 and Fig. 4.5 represents the 
average number of the hydrogen bonds between different pairs involving sodium alginate and gelatin.  
 
From Fig. 4.4 and Fig. 4.5 it can be seen sodium alginate and gelatin behave in the same manner as 
that of the matrix in terms of hydrogen bonding interactions. At the isoelectric point of the matrix, 
both sodium alginate and gelatin show the maximum in terms of average number of hydrogen bonds 
between gelatin-gelatin or sodium alginate-sodium alginate pair; and a minimum in terms of average 
number of hydrogen bonds between gelatin-water or sodium alginate-water pair. In addition, the 
average number of hydrogen bonds between sodium alginate – gelatin pair show a same trend as that 
of the average number of the hydrogen bonds between matrix-matrix pair. 
 
  
 
Figure 4. 4: Average number of hydrogen bonds formed between gelatin and other constituents of the matrix – water 
system at different pH 
 
27 
 
 
Figure 4. 5: Average number of hydrogen bonds formed between sodium alginate and other constituents of the matrix - 
water system at different pH 
 
 
4.1.2 Sodium Alginate and Gelatin blend with glycerol as the plasticizer at pH=7 
Fig. 4.6 represents the radius of gyration of the matrix for different glycerol contents at pH=7. It can 
be seen that with increasing glycerol content, the size the matrix increases.  
 
Figure 4. 6: Total Radius of Gyration for Matrix in different glycerol content in Matrix – Water - Glycerol system at pH = 7 
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Fig. 4.7 shows a visual image of the system. It can be seen that, the glycerol molecules enter the 
matrix and thus lead the increase in the size of the matrix. After the glycerol content of 3mL, the 
matrix begins to approach a saturation value of the glycerol content that could be held inside the 
matrix. This is also evident from the decrease in slope of Fig. 4.6  after the glycerol content of 3mL. 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.8 represents the average number of hydrogen bonds between different pairs of the matrix. It can 
be seen that, as the glycerol enters the matrix, it breaks the hydrogen bonds between the matrix-matrix 
pair. The matrix also, breaks its hydrogen bonds with water and begins to form the hydrogen bonds 
with the glycerol molecules. Thus, the matrix shows a kind of selectivity toward the glycerol 
molecules as compared to the water molecules. The constituents of the matrix; gelatin and sodium 
alginate also show the same affinity towards the glycerol molecules as shown in Fig. 4.9 and Fig. 4.10 
 
In addition, Fig. 4.11 represents the average number of hydrogen bonds formed between glycerol-
water pair inside the matrix and glycerol-water pair outside the matrix. 
 
It is clear from the Fig. 4.11 that, for the considered glycerol content, almost all the glycerol 
molecules enter the matrix and form the hydrogen bonds with the water molecules inside the matrix, 
thus leading to the increased plasticization of the matrix which is in accordance with the increase in 
the total radius of gyration in Fig. 4.6. 
No Glycerol 
1 mL 2 mL 
3 mL 4 mL 
Figure 4. 7: Visual image of Matrix in different glycerol content in Matrix – Water - Glycerol system at pH = 7. Yellow 
colour shows Sodium Alginate, Green colour shows Gelatin and Red colour shows glycerol molecules 
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Figure 4. 8: Average number of Hydrogen bonds formed between different pairs of constituents of the Matrix – Water – 
Glycerol system at pH = 7 
 
 
 
Figure 4. 9: Average number of hydrogen bonds formed between gelatin and other constituents of the Matrix – Water – 
Glycerol system at pH = 7 
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Figure 4. 10: Average number of hydrogen bonds formed between sodium alginate and other constituents of the Matrix 
– Water – Glycerol system at pH = 7  
 
 
Figure 4. 11: Average number of hydrogen bonds formed between glycerol-water pair inside and outside the matrix in 
the Matrix – Water – Glycerol system at pH = 7 
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4.1.3 Sodium Alginate and Gelatin blend with PEGs as the plasticizers at pH=7 
Fig. 4.12 shows the total radius of gyration of the matrix as a function of different molecular weights 
of PEGs. The plot shows a distinct maxima for PEG2000. Thus it is clear that, PEG2000 offers 
maximum plasticization as compared to PEGs of other molecular weights.  
 
 
Figure 4. 12: Total radius of gyration of the matrix wrt PEGs of different molecular weights in Matrix – Water - PEG 
system at pH = 7  
 
Fig. 4.13 shows a visual image of the system. It can be seen that PEGs up to molecular weight of 2000 
easily enter the matrix but due to their high molecular weights and large size, PEG4000 and PEG6000 
cannot place themselves effectively inside the matrix.  
 
Fig. 4.14 shows the average number of hydrogen bonds between different pairs of the system. It is 
clear from the plot that, as PEGs up to molecular weight 2000 can enter the matrix easily as compared 
to PEG4000 and PEG6000, they break the hydrogen bonds between the matrix-matrix pairs. The 
figure further shows a maxima for average number of hydrogen bonds between PEG-matrix pair for 
PEG2000. Also, a minima is observed for average number of hydrogen bonds between matrix-water 
and matrix-matrix pair for PEG2000. Thus, in accordance with the statement that PEG2000 yields 
better plasticization as compared to PEGs of other molecular weights. 
 
In addition, Fig. 4.15 and Fig. 4.16 shows the interaction between constituents of the matrix (sodium 
alginate and gelatin) with the PEGs of different molecular weights. It can be seen that the constituents 
of the matrix also show a same trend as that of the matrix in terms of the hydrogen bonding 
interactions. 
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Figure 4. 14: Average number of Hydrogen bonds formed between different pairs of constituents of the Matrix – Water – 
PEG system at pH = 7 
 
No PEG 
PEG 200 
PEG 500 
PEG 1000 
PEG 2000 
PEG 4000 
PEG 6000 
Figure 4. 13: Visual image of Matrix with PEGs of different molecular weights in Matrix – Water – PEG system at pH = 7. 
Yellow colour shows Sodium Alginate, Green colour shows Gelatin and Red colour shows PEG molecules 
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Figure 4. 15: Average number of hydrogen bonds formed between gelatin and other constituents of the Matrix – Water – 
PEG system at pH = 7. 
 
 
 
Figure 4. 16: Average number of hydrogen bonds formed between sodium alginate and other constituents of the Matrix 
– Water – PEG system at pH = 7. 
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In addition, Fig. 4.17  shows the average number of hydrogen bonds between PEG-water pair inside 
the matrix and PEG-water pair outside the matrix.   
 
 
Figure 4. 17: Average number of hydrogen bonds formed between PEG-water pair inside and outside the matrix in the 
Matrix – Water – PEG system at pH = 7. 
 
From Fig. 4.17 it is clear that, since the PEGs up to molecular weight 2000 can enter the matrix easily, 
they tend to form more number of hydrogen bonds with water inside the matrix. Whereas, in case of 
PEG4000 and PEG6000, because of their high molecular weights and large sizes, they can’t enter the 
matrix easily and thus tend to form more number of hydrogen bonds with the water outside the 
matrix. This further adds to the statement that, PEG2000 is a better plasticizer as compared to other 
PEGs. 
 
 
4.1.4 Sodium Alginate and Gelatin blend in presence of NaCl at pH=7 
Fig. 4.18 shows total radius of gyration of the matrix at different NaCl concentrations at pH=7. A 
distinct minima is obtained at salt concentration of 0.3M. Thus, with increase in salt concentration, the 
size of the matrix first decreases, reaches a minimum value and then increases.  
 
This trend in the total radius of gyration values with the addition of the salt is explained by re-entrant 
behaviour [93]. 
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Figure 4. 18: Total radius of gyration of the matrix in different salt concentrations in Matrix – Water – Salt system at pH 
= 7. 
 
 
Fig. 4.19   shows a visual image explaining the re-entrant behaviour of the salt, leading to the re-
swelling of the matrix after attaining a collapsed conformation. 
As evident from the Fig. 4.19 at low salt concentrations, the osmotic pressure inside the matrix leads 
to large swelling due to the low osmotic pressure outside the matrix. At medium salt concentration, 
the number of ions outside are similar to the number of mobile ions inside the matrix and there is no 
driving force to swell, leading to the collapse in the matrix structure. At high salt concentrations, the 
number of ions outside exceeds the mobile ions inside the matrix and there is a chemical potential 
difference that drives these ions into the gel such that it undergoes re-entrant swelling. 
 
Further, Fig. 4.20 shows that, at the collapsed state of the matrix at 0.3M concentration of NaCl, the 
average number of the hydrogen bonds between matrix-matrix pair shows a maximum value and that 
between matrix-water pair shows a minimum value. As we move away from the 0.3M salt 
concentration, the average number of the hydrogen bonds between the matrix-matrix pair decreases 
and the matrix-water pair increases. This trend of hydrogen bonding is in strong accordance with the 
total average of gyration values in Fig. 4.18  
 
Fig. 4.21 and Fig. 4.22  shows average number of hydrogen bonds between different pairs of the 
constituents of the matrix (gelatin and sodium alginate). The constituents also show a same trend of 
average number of hydrogen bonds as that of the matrix. 
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Figure 4. 20: Average number of Hydrogen bonds formed between different pairs of constituents of the Matrix – Water – 
Salt system at pH = 7. 
 
Figure 4. 19: Visual image showing the re-entrant behaviour of salt ions in Matrix – Water – Salt system at pH = 7. Green 
colour represents Gelatin, Yellow colour represents Sodium Alginate, Purple colour represents Counter ion and Red colour 
represents salt ions.  
0.05M Salt 
0.3M Salt 
1.0M Salt 
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Figure 4. 21: Average number of hydrogen bonds formed between gelatin and other constituents of the Matrix – Water – 
Salt system at pH = 7. 
 
 
 
Figure 4. 22: Average number of hydrogen bonds formed between sodium alginate and other constituents of the Matrix 
– Water – Salt system at pH = 7. 
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4.2    Sodium Alginate 
The effect of the salt concentration, glycerol content and molecular weight of PEG are now studied 
upon the constituents of the Sodium Alginate and Gelatin blend.  
 
Sodium Alginate, being a polyelectrolyte, will show variable response to the external pH and salt 
concentration. The effect of the plasticizers will again depend upon the flexibility of the sodium 
alginate chains. 
 
4.2.1   Sodium Alginate in different pH 
Fig. 4.23 represents the total radius of gyration of all the sodium alginate chains in different pH. With 
increasing pH the plot shows a monotonic increase in the radius of gyration values. 
 
In the acidic medium, the carboxyl groups of the sodium alginate chains will start getting deionized, 
thus rendering a neutral nature to the polymer chains. Whereas in the basic medium, the carboxyl 
groups remain deionized which leads to the repulsion between the like charges resulting in the 
opening of the system of the polymer chains.  
 
 
Figure 4. 23: Total Radius of Gyration of Sodium Alginate chains in Sodium Alginate – Water system in different pH 
 
Fig.4.24 shows the average number of the hydrogen bonds between different pairs of the system. In 
the collapsed state (lower pH), the average number of the hydrogen bonds between sodium alginate-
sodium alginate pair is more than that in the swollen state (higher pH). Similarly, the average number 
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of hydrogen bonds between sodium alginate – water pair is more in swollen state (higher pH) as 
compared to that in the collapsed state (lower pH). 
 
 
Figure 4. 24: Average number of hydrogen bonds formed between different pair of constituents of Sodium Alginate - 
Water system in different pH 
 
Fig. 4.25 shows the average radius of gyration and average end to end distance for the single chain. 
From the trend in these single chain parameters, it is clear that, size of the sodium alginate chains 
increase with increasing pH of the system. 
 
Fig. 4.26 shows the ratio of the average square end-to-end distance and radius of gyration, <Re2/< 
Rg2> and persistence length for the single sodium alginate chain. The transition from a coiled to a rod 
like structure can be 
conveniently quantified by the ratio of the average square end-to-end distance and radius of gyration. 
This ratio varies from 6 (for collapsed state) to 12 (for swollen state). The persistence length for a 
collapsed polymer chain is lower than that for a swollen polymer chain. The single chain parameters 
depicted in Fig.4.26 thus give an idea about the shape of the polymer chains.   
 
 
Further, single chain structure factor is another parameter that is analysed for determination of the 
shape of the polymer chain. The single chain structure factor S1(q) varies as q(-1/ν), where ν is the 
Flory’s exponent. The Flory’s exponent has the values of 1 for rod structure, 0.6 for swollen chain, 
0.5 for Gaussian chain, 0.33 for collapsed chain and 0.25 for the globular chain. Fig. 4.27 shows the 
variation of the Flory’s exponent for the single Sodium Alginate chain at different pH. It can be seen 
that at low pH values, the Sodium Alginate chains are collapsed as compared those at higher pH 
values. Thus, the ratio of the average square end-to-end distance and radius of gyration; <Re2/< Rg2>, 
persistence length and Flory’s parameter gives an idea about the shape of the single polymer chain.  
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Figure 4. 25: Single chain radius of gyration and end-to-end distance of single Sodium Alginate chain in Sodium Alginate 
– Water system in different pH 
 
 
 
Figure 4. 26: Single chain ratio of the average square end-to-end distance and radius of gyration; and persistence length 
of single Sodium Alginate chain in Sodium Alginate – Water system in different pH 
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4.2.2 Sodium Alginate with glycerol as the plasticizer at pH=7 
At pH=7, the sodium alginate chains are in the swollen state because of the presence of the ionised 
carboxyl groups. Fig. 4.28 shows the variation in total radius of gyration of the sodium alginate chains 
with varying glycerol content. As we saw in case of the Sodium Alginate and Gelatin blend, almost  
all the glycerol molecules enters the matrix, rendering flexibility to the matrix. In case of Sodium 
Alginate alone, upto the glycerol content of 3mL, almost all the glycerol molecules enter the Sodium 
Alginate system. After that, it starts expelling glycerol molecules out of it, giving an idea that glycerol 
content of 3mL is the saturation value for the Sodium Alginate system.  
 
Fig. 4.29 shows a visual image of the system. It can be seen that, up to the glycerol content of 3mL 
almost all the glycerol molecules enter the Sodium Alginate system. But after this, the glycerol 
molecules start getting expelled out of the Sodium Alginate system as the glycerol content is 
increased.   
 
Fig. 4.30 shows average number of hydrogen bonds formed between different pairs in the present 
system. Similar to case of the Sodium Alginate and Gelatin blend, the glycerol molecules enter the 
Sodium Alginate system and breaks the hydrogen bonds between the Sodium Alginate – Sodium 
Alginate pairs. Also, the Sodium Alginate begins to break the hydrogen bonds with water molecules 
and start to form hydrogen bonds with the glycerol molecules. This shows that Sodium Alginate has 
more affinity towards the glycerol molecules as compared to that towards the water molecules.  
 
Fig. 4.31 shows the average number of hydrogen bonds formed between glycerol-water pair inside the 
Sodium Alginate system and outside the Sodium Alginate system. It can be seen again that after the 
pH=1 
pH=11 
Figure 4. 27: Flory's exponent for single chain of Sodium Alginate in Sodium Alginate – Water system at different pH 
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saturation value of glycerol content of 3mL, the glycerol molecules begin to form hydrogen bonds 
with the water molecules outside the matrix.  
 
Figure 4. 28: Total radius of gyration of Sodium Alginate chains in different glycerol contents in Sodium Alginate – Water 
- Glycerol system at pH = 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
No Glycerol 
1 mL 
2 mL 
3 mL 4 mL 
Figure 4. 29: Visual image of Sodium Alginate system in presence of different glycerol content in Sodium Alginate – Water 
- Glycerol system at pH = 7. Yellow colour represents Sodium Alginate and Red colour represents glycerol molecules. 
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Figure 4. 30: Average number of hydrogen bonds formed between different constituents of Sodium Alginate - Glycerol - 
Water system at pH = 7. 
 
 
Figure 4. 31: Average number of hydrogen bonds formed between glycerol - water pair in and out of the Sodium Alginate 
system in Sodium Alginate - Water - Glycerol system at pH = 7 
 
Single chain radius of gyration and single chain end to end distance for Sodium Alginate are shown in 
Fig. 4.32 It is evident from the plot that, with increasing content of glycerol molecules, the Sodium 
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Alginate chains open up and reach a saturation value in terms of size after the glycerol content of 
3mL. 
 
Figure 4. 32: Single chain radius of gyration and end-to-end distance of single Sodium Alginate chain  in Sodium Alginate 
– Water - Glycerol system in different glycerol content at pH = 7. 
 
 
 
Figure 4. 33: Single chain ratio of the average square end-to-end distance and radius of gyration; and persistence length 
of single Sodium Alginate chain in Sodium Alginate – Water - Glycerol system in different glycerol content at pH = 7. 
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Fig. 4.33 shows the ratio of the average square end-to-end distance and radius of gyration, <Re2/< 
Rg2> and persistence length for the single Sodium Alginate chain. Fig. 4.34 shows the values of the 
Flory’s exponent at different glycerol content for a single Sodium Alginate chain. Fig. 4.33 and Fig. 
4.34 thus give an idea about the shape of the single Sodium Alginate chain. 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
With the addition of the glycerol, the plasticization of the Sodium Alginate system takes place and the 
polymer chains open up. This leads to increase in the ratio of the average square end-to-end distance 
and radius of gyration, <Re2/< Rg2>, persistence length and Flory’s exponent of Sodium Alginate 
chains. 
 
 
4.2.3 Sodium Alginate with PEGs as the plasticizers at pH=7 
Similar to glycerol, PEG will also act as a plasticizer for the Sodium Alginate system. Fig. 4.35  
shows the variation of the total radius of gyration for the Sodium Alginate system with respect to the 
PEGs of different molecular weights. A distinct maxima is observed in Fig. 4.35  suggesting that, 
PEG2000 is the best plasticizer among the PEGs of different molecular weights for the Sodium 
Alginate system. 
 
Fig. 4.36 shows a visual image for Sodium Alginate with PEGs of different molecular weights. It is 
clear from the this figure that, PEGs up to molecular weight of 2000 enter the Sodium Alginate 
system easily, thus rendering the plasticization effect and increasing flexibility of the Sodium 
Alginate system. But in case of PEG4000 and PEG6000, due to their high molecular weights and 
large sizes, they can’t enter the Sodium Alginate system easily and thus render a lesser plasticization 
effect as compared to PEG2000. This is the reason for the maxima in case of PEG2000 in Fig. 
No Glycerol 4 mL 
Figure 4. 34: Flory's exponent for single chain of Sodium Alginate in different glycerol content in Sodium Alginate – 
glycerol – water system at pH = 7. 
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Average number of hydrogen bonds are shown in Fig. 4.37 It is clear from the plot that the PEGs up 
to the molecular weight of 2000 enter the Sodium Alginate system and break the hydrogen bonds 
between sodium alginate – sodium alginate pair. The sodium alginate molecules also break their 
hydrogen bonds with water and begin to form the hydrogen bonds with the PEG molecules.  
 
 
Figure 4. 35: Total radius of gyration of Sodium Alginate chains wrt PEGs of different molecular weights in Sodium 
Alginate – Water - PEG system at pH = 7. 
 
In Fig. 4.37 , a minimum value of average number of the hydrogen bonds between sodium alginate – 
sodium alginate pair and sodium alginate – water pair is observed for PEG2000. In addition, a 
maximum value of average number of the hydrogen bonds between sodium alginate – PEG pair is 
observed for PEG2000. This further adds to the statement that PEG2000 renders a better plasticization 
effect as compared to PEGs of other molecular weights. As, PEG4000 and PEG6000 are unable to 
enter the Sodium Alginate system because of their high molecular weights and larger sizes, they can’t 
effectively break the hydrogen bonds between sodium alginate – sodium alginate pair and thus show a 
lesser plasticization effect. 
 
Fig. 4.38 shows average number of hydrogen bonds formed between PEG-water pair inside the 
Sodium Alginate system and PEG-water pair outside the Sodium Alginate system. As PEGs upto the 
molecular weight of 2000, easily insert themselves inside the Sodium Alginate system, they tend to 
form hydrogen bonds predominantly with the water inside the Sodium Alginate matrix. Whereas, in 
case of PEG4000 and PEG6000, as they are unable to effectively enter the Sodium Alginate system, 
they tend to form most of the hydrogen bonds with the water molecules outside the Sodium Alginate 
system. 
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Single chain average radius of gyration and average end to end distance for single Sodium Alginate 
chain are shown in Fig. 4.39 It is again clear from this figure that, size the Sodium Alginate chain 
increases up to PEG2000 and decreases thereafter. This further adds to the statement of PEG2000 
being better plasticizer as compared to the PEGs of other molecular weights. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.40 represents the ratio of the average square end-to-end distance and radius of gyration, <Re2/< 
Rg2> and persistence length for a single chain of Sodium Alginate. This figure suggests that, with 
increase in the molecular weight of PEG up to the 2000, the Sodium Alginate chains swell. But in 
case of PEG4000 and PEG6000, because of their low plasticizing tendency, the Sodium Alginate 
chains do not open up. This is the reason why, a distinct maxima is observed in Fig for PEG2000.   
 
Variation of Flory’s exponents for single chain Sodium Alginate with PEGs of different molecular 
weights is shown in Fig. 4.41 A distinct maxima is observed in case of PEG2000. Thus, the swelling 
of the Sodium Alginate chains is maximum when PEG2000 is used. Thus, PEG2000 is the best 
plasticizer as compared to the PEGs of other molecular weights. 
 
 
No PEG 
PEG 200 
PEG 500 
PEG 1000 
PEG 2000 
PEG 4000 
PEG 6000 
Figure 4. 36: Visual image of Sodium Alginate system in presence of PEGs of different molecular weights in Sodium 
Alginate – Water - PEG system at pH = 7. Yellow colour represents Sodium Alginate and Red colour represents PEG 
molecules. 
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Figure 4. 37: Average number of hydrogen bonds formed between different constituents of Sodium Alginate - PEG - 
Water system at pH = 7. 
 
 
 
Figure 4. 38: Average number of hydrogen bonds formed between PEG - Water pair inside and outside the Sodium 
Alginate system in Sodium Alginate – Water - PEG system  at pH = 7. 
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Figure 4. 39: Single chain radius of gyration and end-to-end distance of single Sodium Alginate chain wrt PEGs of 
different molecular weights in Sodium Alginate – Water - PEG system at pH = 7. 
 
 
 
Figure 4. 40: Single chain ratio of the average square end-to-end distance and radius of gyration; and persistence length 
of single Sodium Alginate chain wrt PEGs of different molecular weights in Sodium Alginate – Water - PEG system at pH 
= 7. 
50 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.2.4 Sodium Alginate in presence of NaCl at pH=5, pH=7 and pH=9 
Total radius of gyration for Sodium Alginate system at various NaCl concentrations for pH=5, pH=7 
and pH=9 are shown in Fig. 4.42 Sodium Alginate system at pH=7 and pH=9 show larger values of 
the radius of gyration as compared to that shown by pH=5. This is because of the fact that the Sodium 
Alginate chains are deionised at pH=5. Whereas at pH=7 and pH=9, the ionised carboxyl groups are 
present in comparatively larger numbers. 
 
Further, a distinct minima is observed at every pH in Fig. 4.42 This is because of the re-entrant 
behaviour discussed in case of Sodium Alginate and Gelatin blend in presence of NaCl at pH=7. The 
minima shifts towards the higher values of the salt concentrations with increasing pH. Sodium 
Alginate chains behave as weak polyelectrolytes at pH=5 and strong polyelectrolytes at pH=9. 
 
This can be attributed to the number of ionised carboxyl groups present on Sodium Alginate chains at 
different pH. Thus, a weaker polyelectrolyte shows a collapsed structure at lower salt concentrations 
and a stronger polyelectrolyte shows a collapsed structure at higher salt concentrations. 
No PEG 
PEG 2000 
PEG 4000 
Figure 4. 41: Flory's exponent for single chain of Sodium Alginate wrt PEGs of different molecular weights in Sodium 
Alginate – PEG – Water system at pH = 7. 
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Figure 4. 42: Total radius of gyration of Sodium Alginate chains in different salt concentrations in Sodium Alginate – 
Water – Salt system at pH = 5,7 and 9 
 
Further, the stronger polyelectrolytes show more pronounced variations in total radius of gyration 
values with increasing salt concentrations. Whereas the weaker polyelectrolytes show a less variation 
in total radius of gyration values with increasing salt concentrations. 
 
Fig. 4.43 shows the average number of hydrogen bonds formed between different pairs of the system. 
Distinct minims are observed for sodium alginate – water pairs for every pH and distinct maxims are 
observed for sodium alginate – sodium alginate pairs. The minima for sodium alginate – water pairs is 
largest for pH=9 and least for pH=5.  
 
This is because the collapsed structure at pH=9 is larger than the collapsed structure at pH=5. This 
leads to more hydrogen bonding between sodium alginate – water pair at minima of pH=9 (0.5M 
NaCl) as compared to that in case of minima of pH=5 (0.2M NaCl). Similarly, the maxima for sodium 
alginate – sodium alginate pairs is largest for pH=5 and least for pH=9. This is again because of the 
larger size of the collapsed structure for pH=9 as compared to that of the collapsed structure at pH=5.  
 
Thus more hydrogen bonding is observed between sodium alginate – sodium alginate pair at maxima 
of pH=5 (0.2M NaCl) as compared to that in case of maxima of pH=9 (0.5M NaCl). 
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Figure 4. 43 Average number of hydrogen bonds formed between different constituents of Sodium Alginate - Salt - Water 
system at pH = 5,7 and 9. 
 
Single chain radius of gyration and end-to-end distance for single Sodium Alginate chain is shown in 
Fig. 4.44 The size of the chain is minimum in case of pH=5 because of lesser number of ionized 
carboxyl groups as compared to that in case of pH=9. Further, the collapsed structure of the Sodium 
Alginate chain in case of pH=5 is lesser in size as compared to the collapsed structures in case of 
pH=7 and pH=9. 
 
Fig. 4.45 shows the ratio of the average square end-to-end distance and radius of gyration, <Re2/< 
Rg2> and persistence length for a single chain of Sodium Alginate at different pH values for increasing 
salt concentrations.  
 
This figure renders the most collapsed structure at 0.2M NaCl concentration for pH=5. The Sodium 
Alginate chains are comparatively more swollen at pH=7 and pH=9. 
Sodium Alginate – Sodium Alginate Sodium Alginate – Water 
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Figure 4. 44: Single chain radius of gyration and end-to-end distance of single Sodium Alginate chain in different salt 
concentrations in Sodium Alginate – Water – Salt system at pH = 5,7 and 9. 
 
 
 
Figure 4. 45: Single chain ratio of the average square end-to-end distance and radius of gyration; and persistence length 
of single Sodium Alginate chain in different salt concentrations in Sodium Alginate – Water – Salt system at pH = 5,7 and 
9. 
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Fig. 4.46 represents the Flory’s exponents of single Sodium Alginate chain at different pH with 
increasing salt concentrations. This again gives a trend of swollen-collapsed-swollen structure of 
single Sodium Alginate chain for all pH values. The variation is the case of pH=5 is lesser than in 
case of pH=7 and pH=9. Also, pH=5 shows lower values of the Flory’s exponent for all salt 
concentrations owing to it’s weaker polyelectrolytic nature. 
 
In addition, salt ions have a screening effect on the Sodium Alginate chains. As the salt concentration 
is increased, the like negative charges of carboxyl groups on the sodium alginate chains get screened 
off and lead to the collapse of the chain.  
 
Nevertheless, this collapse is continued only up till certain salt concentration after which the re-
entrant behaviour of salt ions come into the play and the salt ions start to enter the Sodium Alginate 
system and thus resulting in swelling of the chains. 
 
 
 
  
 
 
 
  
   
 
 
 
 
 
 
 
 
Thus, the Sodium Alginate also shows re-entrant behaviour in presence of the salt just like the Sodium 
Alginate and Gelatin blend.  
 
 
 
pH=5 
0.2M salt 
pH=9 
0.5M salt 
pH=7 
1.0M salt 
pH=5 
1.0M salt 
Figure 4. 46: Flory's exponent for single chain of Sodium Alginate at different salt concentrations in Sodium Alginate – 
Water – Salt system at pH = 5,7 and 9. 
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4.3    Gelatin 
Gelatin is a polyampholyte and it will react to the external stimuli of pH and salt concentration. The 
effect of the plasticizers on the Gelatin system will again depend upon the flexibility of the gelatin 
chains at considered pH. 
 
4.3.1   Gelatin in different pH 
Total radius of gyration of the Gelatin system has been shown in Fig. 4.47. As in present simulations, 
the ration of amide groups and carboxyl groups is taken as 1:1, the Gelatin system will show a 
collapsed state at pH=7. At pH=7, the number of amide groups will be the same as the number of the 
carboxyl groups which will lead to net attraction between the unlike charges and thus the system will 
form a collapsed structure. 
 
 
Figure 4. 47: Total radius of gyration of Gelatin chains in Gelatin - water system in different pH. 
 
So, pH=7 can be regarded as an isoelectric point for the Gelatin system. At the isoelectric point, the 
net charge on the system is zero. As we move away from the isoelectric point of the Gelatin system 
(pH=7), the net charge on the Gelatin system increases. At pH lower than 7, there will be net positive 
charge on the system because of the presence of ionized amide groups. Whereas at pH higher than 7, 
there will be a net negative charge on the system because of the presence of the ionized carboxyl 
groups. Due to this net charge, there will be a net repulsion in the Gelatin system and the system will 
tend to swell up. 
 
Fig. 4.48 represents the average number of the hydrogen bonds formed between different pairs in the 
system. At the collapsed state, at isoelectric point of pH=7, the average number of the hydrogen bonds 
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formed between the gelatin-gelatin pair is more than that at other pH values. Similarly, at pH=7, the 
average number of the hydrogen bonds formed between the gelatin-water pair is less than that at other 
pH values. This again explains the trend observed in total radius of gyration values observed in Fig. 
4.47. At lower values of total radius of gyration, gelatin tends to form more number of hydrogen 
bonds with gelatin molecules as compared to that with the water molecules. At higher values of the 
total radius of gyration, gelatin molecules tend to form more number of hydrogen bonds with the 
water molecules as compared to that with the gelatin molecules.       
 
 
Figure 4. 48: Average number of hydrogen bonds formed between different constituents of Gelatin  -  Water system in 
different pH. 
 
Single chain radius of gyration and end-to-end distances are represented for gelatin at different pH in 
Fig. 4.49 At the isoelectric point (pH=7) the gelatin chain shows a collapsed state due to net attractive 
forces. This results in lower values of radius of gyration and end-to-end distance. As we move away 
from the isoelectric point, there exists a net repulsive force and the gelatin chain swells up resulting in 
increase of the radius of gyration and end-to-end distance. 
 
Fig. 4.50 represents the ratio of the average square end-to-end distance and radius of gyration, <Re2/< 
Rg2> and persistence length for a single chain of Gelatin at different pH. A minima at pH=7 shows 
that at pH=7, the Gelatin chain is in a collapsed state as compared to that at other pH values. The 
reason for this is the existence of net attractive forces at pH=7 and net repulsive forces at other values 
of the pH. 
 
Fig. 4.51 represents the values of the Flory’s exponent for single Gelatin chain at different values of 
pH. The gelatin chain acquires a collapsed state at pH=7 due to the presence of the net attractive 
forces and a swollen state at other pH values due to the net repulsive forces in the Gelatin system. 
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Figure 4. 49: Single chain radius of gyration and end-to-end distance of single Gelatin chain in Gelatin - Water system in 
different pH. 
 
 
Figure 4. 50: Single chain ratio of the average square end-to-end distance and radius of gyration; and persistence length 
of single gelatin chain in Gelatin - Water system in different pH 
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4.3.2 Gelatin with glycerol as the plasticizer at pH=7 
Total radius of gyration values for all Gelatin chains is shown in Fig. 4.52 for different glycerol 
contents. Glycerol, which acts as a plasticizer will enter the Gelatin system, break the interaction 
between gelatin-gelatin pairs and increase the flexibility of the Gelatin system. This can be seen from 
the increase in radius of gyration values of the Gelatin system. 
 
Fig. 4.53 shows a visual image of Gelatin system at different glycerol contents. As it can be seen, the 
Gelatin system can hold the glycerol molecules only up to a certain saturation value of 3 mL of 
glycerol. After this saturation value, the Gelatin system begins to spill out the glycerol molecules. 
This can also seen from the decrease in slope and eventual flattening of the curve of total radius of 
gyration values of Fig. 4.52. 
 
Average number of hydrogen bonds formed between different pairs of the constituents of the system 
are shown in Fig. 4.54  It can be seen that, with the introduction of glycerol molecules in the Gelatin 
system, the hydrogen bonds between the gelatin-gelatin pairs and gelatin-water pairs break and the 
gelatin molecules begin to form hydrogen bonds with the glycerol molecules. Thus, the glycerol acts 
as the plasticizer for the Gelatin system. 
 
pH=1 
pH=7 
pH=11 
Figure 4. 51: Flory's exponent for single chain of Gelatin in Gelatin - Water system in different pH 
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Fig. 4.55 shows the average number of hydrogen bonds formed between glycerol-water pair inside the 
Gelatin system and glycerol-water pair outside the Gelatin system.  
 
Figure 4. 52: Total radius of gyration of Gelatin chains in Gelatin - Water - Glycerol system for different glycerol contents. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
No Glycerol 
 1 mL 
 2 mL 
 3 mL 
 4 mL 
Figure 4. 53: Visual image of Gelatin system in presence of different glycerol content in Gelatin – Water – Glycerol system 
at pH=7. Green colour represents Gelatin and Red colour represents glycerol molecules. 
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Figure 4. 54: Average number of hydrogen bonds formed between different constituents of Gelatin - Glycerol - Water 
system at pH=7. 
 
 
 
Figure 4. 55: Average number of hydrogen bonds formed between Glycerol - Water pair inside and outside the Gelatin 
system in Gelatin - Water - Glycerol system at pH=7. 
 
61 
 
As it can be seen from Fig. 4.55 that upto the saturation value of 3mL, glycerol enters the Gelatin 
system and forms the hydrogen bonds with the water inside the matrix. But after the saturation 
value, the glycerol molecules remain out of the Gelatin system and mostly form the hydrogen bonds 
with the water molecules outside the Gelatin system. 
 
Fig. 4.56 shows the single chain radius of gyration and end-to-end distance for the Gelatin chains for 
different glycerol contents. Because of the plasticization effect of the glycerol molecules, the gelatin 
chains will swell up with the increasing glycerol content in the system.  
 
 
Figure 4. 56: Single chain radius of gyration and end-to-end distance of single Gelatin chain in Gelatin - Water - Glycerol 
system in different glycerol content at pH = 7. 
 
 
Fig. 4.57 shows the ratio of the average square end-to-end distance and radius of gyration, <Re2/< Rg2> 
and persistence length for a single chain of Gelatin with increasing glycerol content. From this figure, 
it can be seen that, the gelatin chains open up with the introduction of glycerol molecules in the 
system.  
 
Flory’s exponents are shown in Fig. 4.58 Values of the Flory’s exponents of gelatin chain show a 
monotonic increase with increasing content of glycerol in the system. This further adds to the 
statement that, with the introduction of glycerol, the gelatin chains swell up and that their shape and 
size changes. All the results thus suggest that the glycerol molecules render a plasticizing effect upon 
the Gelatin system which increases with increasing content of glycerol in the system. 
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Figure 4. 57: Single chain ratio of the average square end-to-end distance and radius of gyration; and persistence length 
of single Gelatin chain in Gelatin - Water - Glycerol system in different glycerol content at pH = 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
No glycerol 
4 mL 
Figure 4. 58: Flory's exponent for single chain of single Gelatin chain in Gelatin - Water - Glycerol system in different 
glycerol content at pH = 7. 
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4.3.3 Gelatin with PEGs as the plasticizers at pH=7 
Fig. 4.59 shows total radius of gyration of the Gelatin system with PEGs of different molecular 
weights. A distinct maxima is observed at PEG1000. This suggest that in case of the Gelatin system 
PEG1000 gives the best plasticization effect as compared to PEGs of other molecular weights. Since, 
at pH=7 Gelatin system is already in a collapsed state, it becomes harder for the higher molecular 
weight PEGs to insert themselves inside the Gelatin system. This is why, in case of Sodium Alginate 
system and Sodium Alginate – Gelatin blend, PEG2000 turned out to be the best plasticizer because in 
those .cases, the system was relatively opened up at pH=7. 
 
A visual image of the Gelatin system in presence of PEGs of different molecular weights is shown in 
Fig. 4.60 It is clear from this figure that, PEGs upto the molecular weights of 1000 easily insert 
themselves into the Gelatin system and render a plasticizing effect. Whereas, in case of PEG2000, 
PEG4000 and PEG6000, due to their high molecular weights and larger size they can’t enter the 
Gelatin system effectively and thus give a lower plasticizing effect. 
 
Average number of hydrogen bonds formed between different pairs of the constituents of the system 
are shown in Fig. 4.61 A distinct minima is observed in case of average number of hydrogen bonds 
formed between gelatin – gelatin pair and gelatin – water pair for PEG1000. Whereas, a maxima is 
observed in case of gelatin – glycerol pair for PEG1000. This further reflects that, in case of the 
Gelatin system, PEG1000 is the best plasticizer as compared to the PEGs of other molecular weights. 
PEG molecules act as the plasticizers and they tend to break the hydrogen bonds between gelatin – 
gelatin pairs to render a plasticizing effect. 
 
 
 
Figure 4. 59: Total radius of gyration of Gelatin chains in Gelatin - PEG - Water system wrt molecular weights of PEG at 
pH = 7 
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Figure 4. 61: Average number of hydrogen bonds formed between different constituents of Gelatin - PEG - Water system 
at pH = 7. 
No PEG 
PEG 200 
PEG 500 PEG 1000 
PEG 2000 
PEG 4000 
PEG 6000 
Figure 4. 60: Visual image of Gelatin system in presence of PEGs of different molecular weights in Gelatin – Water – PEG 
system at pH = 7. Green colour represents Gelatin and Red colour represents PEG molecules. 
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Fig. 4.62 shows the average number of hydrogen bonds formed between PEG – water pair inside the 
Gelatin system and PEG – water pair outside the Gelatin system. PEG upto the molecular weight of 
1000 enter the Gelatin system easily and thus form almost all the hydrogen bonds with the water 
inside the Gelatin system. As the molecular weight of the PEGs increase from 2000 to 6000, due to 
their large size and higher molecular weights, they cannot place themselves effectively inside the 
Gelatin system and form maximum hydrogen bonds with the water outside the Gelatin system. 
 
Single chain radius of gyration and end-to-end distance of single Gelatin chain are shown in Fig. 4.63. 
It is evident from the figure that PEG1000 causes the gelatin chains to swell up the most as compared 
to the PEGs of other molecular weights. This is why, a distinct maxima is observed in case of 
PEG1000. 
 
Fig. 4.64 shows the ratio of the average square end-to-end distance and radius of gyration, <Re2/< 
Rg2> and persistence length for a single chain of Gelatin with increasing molecular weights of PEGs. 
PEG1000 yields most swollen structure of the gelatin chain as compared to that with the PEGs of 
other molecular weights.  
 
Flory’s exponents for single gelatin chains for different molecular weights of PEGs is shown in Fig. 
4.65. Again it is evident from this figure that PEG1000 shows the best plasticizing effect for the 
Gelatin system. Therefore, the values of Flory’s exponent first rises and then fall after PEG1000. 
    
 
Figure 4. 62: Average number of hydrogen bonds formed between PEG - Water pair inside and outside the Gelatin 
system in Gelatin - Water - PEG system at pH = 7. 
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Figure 4. 63: Single chain radius of gyration and end-to-end distance of single Gelatin chain in Gelatin - Water - PEG 
system wrt different molecular weights of PEG at pH = 7. 
 
 
 
Figure 4. 64: Single chain ratio of the average square end-to-end distance and radius of gyration; and persistence length 
of single Gelatin chain in Gelatin - Water - PEG system wrt different molecular weights of PEG at pH = 7. 
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4.3.4 Gelatin in presence of NaCl at pH=5, pH=7 and pH=9 
Fig. 4.66 represents the total radius of gyration for Gelatin system in pH=5, pH=7 and pH=9 in 
different salt concentrations. At pH=5, some of the carboxyl groups will get deionized. Thus the 
number of the amide groups will be more than the number of the carboxyl groups in pH=5. Similarly, 
at pH=9, some of the amide groups will get deionized and therefore the number of the carboxyl 
groups will be more than the number of the amide groups in pH=9.  
 
Gelatin system will behave as unbalanced polyampholyte at pH=5 and pH=9. Since we are using 1:1 
ratio of the carboxyl and amide groups for the Gelatin system in our simulations, the gelatin chains 
will behave like a balanced polyampholyte at pH=7.  
 
As seen from Fig. the unbalanced polyampholyte shows the re-entrant behaviour of salt ions. Whereas 
the balanced polyampholyte shows an ambiguous nature where in the size of the Gelatin system 
continuously increases. This nature of the continuous increase in size of the balanced polyampholytes 
is explained by considering the excluded volume parameters [70] in the next section. 
 
No PEG 
PEG 1000 PEG 6000 
Figure 4. 65: Flory's exponent for single chain of single Gelatin chain in Gelatin - Water - PEG system wrt different 
molecular weights of PEG at pH = 7. 
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Average number of hydrogen bonds formed between different pairs of the constituents of the system 
are shown in Fig. 4.67 For pH=5 and pH=9, with increase in salt concentration size of the Gelatin 
system decreases and therefore there is an increase in hydrogen bonding between gelatin – gelatin pair 
and decrease in the hydrogen bonding between gelatin –water pair.  
 
This trend continues up to the salt concentration of 0.2M after which the re-entrant behaviour comes 
into the play. Salt ions enter the Gelatin system and reorient the hydrogen bonds between gelatin – 
gelatin pair. 
 
For pH=7, there is a continuous increase in hydrogen bonding between gelatin – water pair and a 
continuous decrease in hydrogen bonding between gelatin – gelatin pair. This is because of the 
continuous increase in size of the Gelatin system at pH=7.  
 
Fig. 4.68 shows single chain radius of gyration values and end-to-end distance for the single Gelatin 
chain. A minimum value of these size parameters is obtained at salt concentration of 0.2M for pH=5 
and pH=9, owing to the unbalanced polyampholytic nature of the gelatin chain. After the 0.2M 
concentration of salt, an increase in salt concentration will lead to the re-entrant behaviour of the salt 
ions, which will cause the gelatin chains to move apart and swell up.  
 
In case of pH=7, gelatin chain will behave like a polyampholyte and again a continuous swelling of 
the gelatin chain is observed.  
 
Fig. 4.69 shows the ratio of the average square end-to-end distance and radius of gyration, <Re2/< 
Rg2> and persistence length for a single chain of Gelatin for increasing salt concentrations at different 
pH values. And Fig. 4.70 shows the values of the Flory’s exponents for the same variations in salt 
concentrations at different pH values.  
 
The minimum value of these shape parameters is observed at 0.2M salt concentration for pH=5 and 
pH=9. This shows that, the Gelatin chain acquires a collapsed state at 0.2M salt concentration at these 
pH values. After the 0.2M salt concentration, the re-entrant behaviour of salt ions will cause the 
gelatin chains to swell up. For pH=7, the continuous increase in the value of the Flory’s exponent 
leads to the opening of the Gelatin chains. 
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Figure 4. 66: Total radius of gyration of Gelatin chains in Gelatin - Salt - Water system in different salt concentrations at 
pH = 5, 7, 9. 
 
 
 
Figure 4. 67: Average number of hydrogen bonds formed between different constituents of Gelatin - Salt - Water system 
at pH = 5, 7, 9. 
 
Gelatin - Gelatin Gelatin - Water 
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Figure 4. 68: Single chain radius of gyration and end-to-end distance of single Gelatin chain in Gelatin - Water - Salt 
system in different salt concentration at pH = 5, 7, 9. 
 
Figure 4. 69: Single chain ratio of the average square end-to-end distance and radius of gyration; and persistence length 
of single Gelatin chain in Gelatin - Water - Salt system in different salt concentration at pH = 5, 7, 9. 
 
71 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.4    Theoretical analysis of polyampholytes in different salt concentrations 
In this section, we present the analytic expressions available for the analysis of polyampholytes in 
different salt concentration. The following mathematical expression has been derived for 
polyampholytes in different salt concentrations [70]. 
 
                                    𝑣 = −
𝜋𝑓2𝑙𝐵
2
𝑘𝑠
+  
4𝜋𝑙𝐵∆𝑓
2
𝑘𝑠
2                      …. (1) 
 
where, 
𝑣 = Excluded Volume 
f = Fraction of total charges on the polymer chains 
Δf = Modulus (Fraction of Positive charges – Fraction of Negative charges on the polymer chains ) 
𝑙𝐵 = Bjerrum Length  
𝑘𝑠 = Debye – Huckel Parameter 
 
pH=5 
0.2M salt 
pH=7 
0.2M salt 
pH=7 
1.0M salt 
Figure 1 Figure 4. 70: Flory's exponent for single chain of single Gelatin chain in Gelatin - Water - Salt system in different salt 
concentration at pH = 5, 7, 9. 
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Bjerrum length is the separation at which the electrostatic interaction between two elementary charges 
is comparable in magnitude to the thermal energy scale, kBT, where, kB is the Boltzmann constant and 
T is the temperature in Kelvins. Following expression is given for the Bjerrum length. 
 
                                                𝑙𝐵 =  
𝑒2
4𝜋𝜀0𝜀𝑟𝑘𝐵𝑇
                       …. (2) 
 
where, 
𝑒 = Elementary charge unit 
𝜀𝑟 = Relative permittivity 
𝜀0 = Vacuum permittivity 
kB = Boltzmann constant 
T = Temperature in kelvins 
 
Debye – Huckel parameter is defined as the inverse of the Debye screening length which is the 
measure of the distance up to which the charge’s net electrostatic effect in the solution persists. 
Following expression is given for the Debye – Huckel parameter. 
 
                                           𝑘𝑠 =  √8𝜋𝑙𝐵𝑁𝐴𝐼                 …. (3) 
 
where 
lB = Bjerrum Length 
I = Ionic strength of the medium 
NA = Avogadro’s Number 
 
In our case of gelatin in various salt concentrations at different pH values, all the above parameter will 
remain same expect f and Δf. Following are the values of these parameters at different pH values. 
 
At pH=5, f = 0.24 and Δf = 0.13; at pH=7, f = 0.3 and Δf = 0 (balanced polyampholyte); at pH=9, f = 
0.21 and Δf = 0.09. We place these parameters in the eqn.(1) while varying the salt concentrations 
from 0M to 1.0M. Fig. 4.71 shows the results obtained in form of the excluded volume for increasing 
salt concentrations at different pH values. 
 
As seen from Fig. for pH=5 and pH=9, the values of excluded volumes decrease, attain a minimum 
value and then increase again with increase in salt concentrations. As the excluded volume decreases 
the size of the polymer chain decreases and with the increase in values of the excluded volume the 
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size of the polymer chain increases. This has been the same trend for total radius of gyration in our 
simulation results in Fig. The best observation here is that the minimum value of the excluded volume 
is obtained around salt concentration of 0.2M for pH=5 and pH=9. This is in strong agreement with 
our simulation results of section .3.4.  
 
Figure 4. 71: Excluded volume for Gelatin chains in Gelatin - Salt - Water system in different salt concentrations at pH = 5, 
7, 9 
For pH=7, the excluded volume continuously increases with increase in salt concentration. This is the 
same trend of total chain radius of gyration values obtained for pH=7 in Fig. Thus the continuous 
increase in size of the Gelatin system with increase in salt concentration at pH=7 can be explained by 
the increase in excluded volume with increase in salt concentration.  
Thus, the result in Fig. 4.71 stands as a theoretical validation of our simulation results obtained in 
section .3.4. 
 
4.5    SAXS analysis of the gelatin in different salt concentrations at pH=5, pH=7 
and pH=9 
In this section we present the experimental analysis of gelatin in different salt concentrations at pH=5, 
pH=7 and pH=9. Till now we have studied the shape and size of the gelatin chains in various salt 
concentrations at different values of pH. SAXS proves to be an useful tool to determine the shape and 
size of the polymer systems. Therefore, we now present results of radius of gyration and Flory’s 
exponents obtained from the SAXS analysis. 
 
Fig. 4.72, Fig. 4.73, and Fig. 4.74 shows the intensity data obtained for gelatin in different 
concentrations of salt at pH=5, pH=7 and pH=10 respectively. These intensity data are plotted on the 
log-log scale. 
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Figure 4. 72: SAXS data plotted on log - log scale for Gelatin - Salt - Water system for different salt concentrations at pH = 
5 
 
 
 
 
Figure 4. 73: SAXS data plotted on log - log scale for Gelatin - Salt - Water system for different salt concentrations at pH = 
7. 
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Figure 4. 74: SAXS data plotted on log - log scale for Gelatin - Salt - Water system for different salt concentrations at pH = 
10. 
 
SAXS data was collected at pH=10 instead of pH=9 because the gelatin employed in experiments has 
isoelectric point from pH=7 to pH=9. In order to obtain a weakly unbalanced polyampholyte we had 
to switch fro pH=9 to pH=10 for the experimental analysis. Collecting the SAXS data at pH=9 may 
give the same results as that of a balanced polyampholyte. 
 
As it could be seen from the Fig. 4.72 at pH=5, 0.2M salt concentration data has maximum slope. 
Thus this corresponds to the collapsed state as compared to that at other salt concentrations. Similarly, 
in Fig. 4.73 for pH=7, there is a continuous decrease in slope from 0M salt concentration to 0.3M salt 
concentration. Thus in pH=7, the gelatin structure is swelling up with the increase in salt 
concentration. In Fig. 4.74 for pH=10, a maximum slope is obtained for salt concentration of 0.15M. 
Thus, in pH=10 a collapsed structure is obtained at 0.15M salt concentration. 
 
From the slopes of the linear regions of Fig. 4.72 , Fig. 4.73 and Fig. 4.74, Flory’s exponents are 
calculated and are shown in Fig. 4.75. This is the almost same trend for the Flory’s exponents that we 
observed in section .3.4. Thus, the experimental results are validating our simulation findings.  
 
Next, the radius of gyration values are obtained from the SAXS data using the Guinier approximation. 
The results of the radius of gyration values are shown in Fig. 4.76. 
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Figure 4. 75: Flory's Exponents evaluated from SAXS data of Gelatin - Water - Salt system at pH = 5, 7, 10 
 
 
Figure 4. 76: Radius of gyration evaluated from SAXS data of Gelatin - Water - Salt system at pH = 5, 7, 10 using Guinier 
approximation. 
 
The radius of gyration values obtained from SAXS data gives almost same trend as that of the radius 
of gyration values obtained from simulation in section 4.3.4 shown in Fig. 4.66. In addition, this trend 
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almost matches with excluded volume data obtained by using analytical expression for gelatin in salt 
concentrations at different pH values in section 4.4 shown in Fig. 4.71 
 
Thus for the system of Gelatin in different concentrations of salt at pH=5, pH=7 and pH=9; our 
simulation, theoretical and experimental findings are in good correspondence. 
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Chapter 5 
 
Conclusions 
 
5.1     Iso electric point for Sodium Alginate and Gelatin Blend 
The iso electric point for the Sodium Alginate and Gelatin blend was found to be around pH = 5. At 
this pH, the blend is in collapsed state and therefore less susceptible to interaction with other solutes 
and plasticizers. At pH = 5, the blend is in highly stable state. This isoelectric point of the Sodium 
Alginate and Gelatin blend is combined result of the electrostatic actions of polyampholytic gelatin 
and polyelectrolytic sodium alginate. 
 
5.2    Effect of the plasticizers on the polymer system  
For every case, it is seen that glycerol has the better plasticizing effect (even more than that of all 
PEGs). In case of PEGs, PEG2000 has better plasticizing effect as compared to PEGs of other 
molecular weights in the case of Sodium Alginate and Gelatin blend, and the Sodium Alginate alone.  
 
In the case of Gelatin, PEG1000 proves to the best plasticizer among the PEGs used in the study. The 
plasticizing effect of a plasticizer solely depends upon the ability of the molecule to place itself 
between the polymer chains. Thus, glycerol because of its small size and high hydrophobicity renders 
maximum plasticization. 
 
5.3   Effect of salt concentration on Sodium Alginate and Gelatin Blend 
A re-entrant behaviour of the salt into the matrix system is observed after initial collapse of matrix 
due to the screening of the charges. The same behaviour is observed in case of pure polyelectrolyte 
(sodium alginate) and weakly unbalanced polyampholyte (gelatin in pH = 5 and pH = 9). An 
anomalous behaviour of continuous increase in the size of the gelatin system at pH = 7 is observed. 
This observation is explained by considering the excluded volume parameters. 
 
The nature of polyampholytes in salt solution has achieved very less attention. Our simulation results 
obtained in the case of Gelatin (polyampholyte) in salt solution at pH = 5, pH = 7 and pH = 9 are in 
close correspondence with both theoretical results and experimental results. This is shown in Fig. 5.1. 
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Figure 5. 1 Simulation results of Radius of Gyration, Theoretical Results of Excluded volume and Experimental results of 
Radius of gyration for Gelatin – Water -  Salt system in pH = 5, 7, 9. 
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